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Abstract
In this paper, we show how a presence of the exotic scalar, tensor weak interac-
tions in addition to the standard vector-axial (V-A) one may help to distinguish
the Dirac from Majorana neutrinos in the elastic scattering of (anti)neutrino
beam off the unpolarized electrons in the limit of vanishing (anti)neutrino mass.
We assume that the incoming (anti)neutrino beam comes from the polarized
muon decay at rest and is the left-right chiral mixture with assigned direction
of the transversal spin polarization with respect to the production plane. We
display that the azimuthal asymmetry in the angular distribution of recoil elec-
trons is generated by the interference terms between the standard and exotic
couplings, which are proportional to the transversal (anti)neutrino spin polariza-
tion and independent of the neutrino mass. This asymmetry for the Majorana
neutrinos is distinct from the one for the Dirac neutrinos through the absence
of interference between the standard and tensor couplings. Additionally, the in-
terference term between the standard and scalar coupling of the only left chiral
neutrinos, absent in the Dirac case, appears. We also indicate the possibility
of utilizing the azimuthal asymmetry measurements to search for the new CP-
violating phases. Our analysis is model-independent and consistent with the
current upper limits on the non-standard couplings.
Keywords: neutrino nature, exotic couplings of right chiral neutrinos,
neutrino-electron elastic scattering, transversal neutrino spin polarization
PACS: 13.15.+g, 14.60.St
1. Introduction
One of the fundamental problems in the neutrino physics is whether the neu-
trinos (ν)’s are the Dirac or Majorana fermions. The question of ν nature can
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be probed in the context of non-vanishing ν mass and of standard vector-axial
(V − A) weak interaction with only the left chiral (LCh) ν’s [1], using purely
leptonic processes such as the polarized muon decay at rest (PMDaR) or the
neutrino-electron elastic scattering (NEES). There is an alternative way within
the massless ν limit, when one admits the existence of exotic scalar (S), tensor
(T), pseudoscalar (P) and V + A weak interactions of the right chiral (RCh)
ν’s (right-handed helicity when mν → 0) in addition to the V − A interaction
of the LCh ones in the above processes. The appropriate tests involving the
mass dependence have been proposed by Kayser [2] and Langacker [3]. It is
also worthwhile remarking the others interesting ideas regarding the ν nature
problem [4, 5, 6, 7, 8]. One ought to emphasize that at present the neutrinoless
double beta decay (NDBD) seems to be the best tool to investigate the ν nature
[9], however the mentioned above processes may also shed some light on this
problem.
First tests concerning the problem of distinguishing between the Dirac and Ma-
jorana ν’s in the limit of vanishing ν mass, when one departs from the V-A
interaction and one allows for the exotic S, T, P weak interactions in the NEES,
have been reported by Rosen [10] and Dass [11]. The leptonic processes are
also suitable to probe the time reversal violation (TRV) effects. It is relevant to
point out that the existing data still leaves a small space for the exotic couplings
of the interacting RCh ν’s. It is noteworthy that the effects coming from the
interacting ν’s with right-handed chirality are also important for interpreting of
results on the NDBD [12]. Unfortunately, the proposed quantities in [10, 11] are
composed of the squares of exotic couplings of the RCh ν’s and at most of the in-
terferences within exotic couplings, that are both very tiny. Furthermore, both
transverse components of electron (positron) spin polarization and neutrino en-
ergy spectrum in the PMDaR contain only the interference terms between the
standard V and non-standard S, T couplings of LCh ν’s. All the eventual in-
terferences between the standard couplings of LCh and exotic couplings of RCh
ν’s vanish, because are proportional to a tiny ν mass and do not produce the
effect. As the current experiments do not detect the RCh ν’s, it seems meaning-
ful to search for new tools including the linear terms from the exotic couplings
that are independent of the ν mass, and obtained in model-independent way. It
would enable to compare the predictions of various non-standard schemes with
the experimental data, and look for the TRV effects. The suitable observables
could be the ν quantities carrying information on the transversal components of
(anti)neutrino spin polarization, both T-odd and T-even. Presently, such tests
are still not available, because they require the observation of final ν’s, the strong
ν beam coming from the polarized source and the efficient ν polarimeters. How-
ever, it is worthy of indicating the potential possibilities of experiments of the ν
polarimetry in the connection with the ν nature problem, the existence of inter-
acting RCh ν’s and the non-standard TRV phases predicted by many extensions
of the SM. Let us recall that the SM can not be viewed as a ultimate theory,
because it does not clarify the origin of parity violation at current energies, the
observed baryon asymmetry of universe [13] through a single CP-violating phase
of the Cabibbo-Kobayashi-Maskawa quark-mixing matrix (CKM) [14], the large
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hierarchy fermion masses, and others fundamental aspects. This situation led
to the appearance of various non-standard gauge models including the Majo-
rana ν’s, exotic TRV interactions, mechanisms explaining the origin of fermion
generations, masses, mixing and smallness of ν mass.
In this paper, we focus on the elastic scattering of electron ν’s (ν’s) off the un-
polarized electron target and show in model-independent way how the partici-
pation of the exotic S, T couplings of RCh ν’s (ν’s) in addition to the standard
couplings of LCh ones can be utilized to distinguish the Dirac from Majorana
ν’s, and to test the TRV in the limit of vanishing ν mass.
2. Elastic scattering of Dirac electron antineutrinos off unpolarized
electrons
We assume that the incoming Dirac νe beam comes from the decay of polar-
ized negative muons at rest (µ− → e− + νe + νµ) and is a mixture of left-right
chiral states with a fixed direction of the transversal spin polarization with
respect to the production plane. LCh νe’s are mainly detected by the stan-
dard V − A interaction and RCh ones are detected only by the exotic scalar,
tensor interactions in the elastic scattering on the unpolarized electron target;
(νe + e
− → νe + e−). Our scenario admits also the detection of νe’s with left-
handed chirality by the non-standard S and T interactions. The production
plane for the νe beam, shown in Fig. 1, is spanned by the unit vector ηˆµ of
the muon polarization and the νe LAB momentum unit vector qˆ. In this plane,
the vector ηˆµ can be expressed, with respect to qˆ, as a sum of (ηˆµ · qˆ)qˆ and
η
⊥
µ
= ηˆµ− (ηˆµ · qˆ)qˆ. The reaction (detection) plane is spanned by the direction
of the outgoing electron momentum pˆe and qˆ, Fig. 1. The amplitude for the
νee
− scattering at low energies is as follows:
MDνee− = −
GF√
2
{(ue′γα(cLV − cLAγ5)ue)(vνeγα(1 − γ5)vνe′ ) (1)
+ cRS (ue′ue)(vνe(1− γ5)vνe′ )
+
1
2
cRT (ue′σ
αβue)(vνeσαβ(1− γ5)vνe′ )
+ cLS(ue′ue)(vνe(1 + γ5)vνe′ )
+
1
2
cLT (ue′σ
αβue)(vνeσαβ(1 + γ5)vνe′ )},
where GF = 1.1663788(7)× 10−5GeV−2(0.6 ppm) [15] is the Fermi constant.
The coupling constants are denoted with the superscripts L and R as cLV , c
L
A,
cR,LS , c
R,L
T respectively to the incoming νe of left- and right-handed chirality.
Because we take into account the TRV, all the coupling constants are complex.
Calculations are carried out with use of the covariant density matrix for the
polarized initial νe. The formula for the projector Λ
(s)
ν in the massless νe limit
is given by:
lim
mν→0
Λ
(s)
ν =
1
2
{
(qµγµ)
[
1− γ5(ηˆν · qˆ)− γ5S′⊥ · γ
]}
, (2)
3
Figure 1: Production plane of the νe beam is spanned by the vectors ηˆµ and qˆ for µ− →
e
− + νe + νµ. Reaction plane is spanned by the vectors pˆe and qˆ for νe + e− → νe + e−. ηˆν
is expressed, with respect to qˆ, as a sum of (ηˆν · qˆ)qˆ and η
⊥
ν
.
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where ηˆν is the unit 3-vector of νe spin polarization in its rest frame; (ηˆν · qˆ)qˆ
is the longitudinal component of νe spin polarization; η
⊥
ν
= ηˆν − (ηˆν · qˆ)qˆ is
the transversal component of νe spin polarization; S
′⊥ = (0,η⊥
ν
).
We see that in spite of the singularities m−1ν in the Lorentz boosted spin po-
larization 4-vector of massive νe S
′ (in the laboratory frame), the projector
Λ
(s)
ν including η
⊥
ν
remains finite [16]. One should notice that the last term in
Λ
(s)
ν has different γ-matrix structure from that of the longitudinal polarization
contribution. This term will generate the non-vanishing interferences between
the standard and exotic couplings in the differential cross section for the νee
−
scattering.
Using the current data for the muon decay at rest [17], we calculate the upper
limit on the magnitude of η⊥
ν
and lower bound for (ηˆν · qˆ), [18]:
|η⊥
ν
| = 2
√
QνL(1−QνL) ≤ 0.537, (3)
|ηˆν · qˆ| = |2QνL − 1| ≥ 0.843,
QνL = 1−
1
4
(|gSLR|2 + |gSLL|2)− 3|gTLR|2 ≥ 0.922.
2.1. Azimuthal distribution of recoil electrons in case of Dirac electron antineu-
trinos
The differential cross section for the scattering of Dirac νe’s off the unpolar-
ized electrons, when mνe → 0, takes the form:
d2σ
dyedφe
=
(
d2σ
dyedφe
)
(V−A)
+
(
d2σ
dyedφe
)
(S,T )
(4)
+
(
d2σ
dyedφe
)
(V S)
+
(
d2σ
dyedφe
)
(AT )
,
(
d2σ
dyedφe
)
(V−A)
= B
{
(1 + ηˆν · qˆ)
[
|cLV − cLA|2 + |cLV + cLA|2(1− ye)2 (5)
− meye
Eν
(|cLV |2 − |cLA|2)
]}
,
(
d2σ
dyedφe
)
(S,T )
= B
{
(1− ηˆν · qˆ)
[
1
2
ye
(
ye + 2
me
Eν
)
|cRS |2 (6)
+
(
(2 − ye)2 − me
Eν
ye
)
|cRT |2 − ye(ye − 2)Re(cRS c∗RT )
]
+ (1 + ηˆν · qˆ)
[
1
2
ye
(
ye + 2
me
Eν
)
|cLS |2
+
(
(2 − ye)2 − me
Eν
ye
)
|cLT |2 − ye(ye − 2)Re(cLSc∗LT )
]}
,
(
d2σ
dyedφe
)
(V S)
= B
{
− 4
√
ye(ye + 2
me
Eν
)
[
η
⊥
ν
· (pˆe × qˆ)Im(cLV cR∗S ) (7)
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+ (η⊥
ν
· pˆe)Re(cLV cR∗S )
]}
,(
d2σ
dyedφe
)
(AT )
= B
{
− 2
√
ye(ye + 2
me
Eν
)
[
η
⊥
ν
· (pˆe × qˆ)Im(cLAcR∗T ) (8)
+ (η⊥
ν
· pˆe)Re(cLAcR∗T )
]}
.
ye ≡ Te
Eν
=
me
Eν
2cos2θe
(1 + me
Eν
)2 − cos2θe (9)
is the ratio of the kinetic energy of the recoil electron Te to the incoming an-
tineutrino energy Eν ; B ≡
(
Eνme/4pi
2
) (
G2F /2
)
; θe is the angle between pˆe and
qˆ (recoil electron scattering angle); me is the electron mass; φe is the angle be-
tween the production plane and the reaction plane (azimuthal angle of outgoing
electron momentum). We see that the interference terms, Eqs. (7, 8), between
the standard cLV,A and exotic c
R
S,T couplings survive in the massless νe limit.
There are no interferences between cLV,A and c
L
S,T couplings of the LCh νe’s for
mν → 0. It can be noticed that the interferences include only the contributions
from the transverse components of the νe spin polarization, both T -even and
T -odd:
(
d2σ
dyedφe
)(V S) + (
d2σ
dyedφe
)(AT ) = −B|η⊥ν |
√
me
Eν
ye[2− (2 + me
Eν
)ye] (10)
·
{
4|cLV ||cRS |cos(φ + βSV − φe) + 2|cLA||cRT |cos(φ+ βTA − φe)
}
,
where φ is the angle between η⊥
ν
and η⊥
µ
only; φ0 = φ − φe is the angle
between p⊥e and η
⊥
ν
, Fig.1; βV S ≡ βLV − βRS , βAT ≡ βLA − βRT are the rela-
tive phases between the cLV , c
R
S and c
L
A, c
R
T couplings, respectively. The relative
phases βV S , βAT different from 0, pi would indicate the CPV in the NEES. We
see that even when mν → 0 the helicity structure of interaction vertices may
allow for a helicity flip provided the quantity η⊥
ν
, which is left invariant under
Lorentz boost. For the standard V-A interaction, Eq. (5), there is no depen-
dence on the φe, it means that the azimuthal distribution is symmetric. In the
case of the mixture of LCh and RCh νe’s, the interference terms are propor-
tional to |η⊥
ν
| and depend on φe. It generates the azimuthal asymmetry in the
angular distribution of scattered electrons.
Using the experimental values of standard couplings: cLV = 1 + (−0.04 ±
0.015), cLA = 1 + (−0.507 ± 0.014) [17], we find the upper limits on the exotic
couplings in the NEES: |cLS | ≤ 0.501, |cRS | ≤ 0.486, |cLT | ≤ 0.003, |cRT | ≤ 0.489, si-
multaneously shifting the standard values to new ones cLV ′ = 0.945, c
L
A′ = 0.479,
which still lie within the experimental bars. If one uses the above limits, one
gets the same magnitude of total cross section as in the standard case. Now, we
calculate the upper limits on the azimuthal asymmetry between the (0, pi) and
(pi, 2pi) angles (up-down asymmetry) using the upper limit on |η⊥
ν
| and lower
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bound on (ηˆν · qˆ):
A(φe′ ) =
∫ φ
e′
+pi
φ
e′
dσ
dφe
dφe −
∫ φ
e′
+2pi
φ
e′
+pi
dσ
dφe
dφe∫ φ
e′
+pi
φ
e′
dσ
dφe
dφe +
∫ φ
e′
+2pi
φ
e′
+pi
dσ
dφe
dφe
. (11)
The differential cross section is integrated over ye ∈ [0, 1/(1 + (me/2Eν))].
We get for the case of TRV and time reversal conservation (TRC) with Eν =
50MeV , respectively:
AD(φe′ )
T−viol = 0.024 cos(φ− φe′) for βV S = pi
2
, βAT =
pi
2
, (12)
AD(φe′)
T−cons = −0.024 sin(φ− φe′ ) for βV S = 0, βAT = 0. (13)
3. Elastic scattering of Majorana electron neutrinos off unpolarized
electrons
The amplitude for the elastic scattering of the Majorana electron neutrinos
(νe’s) on the unpolarized electrons at low energies has the form:
MMνee− =
GF√
2
{(−2)(ue′γα(cV − cAγ5)ue)(uν
e′
γαγ5uνe) (14)
+ 2cRS (ue′ue)(uνe′ (1 + γ5)uνe)
+ 2cLS(ue′ue)(uνe′ (1− γ5)uνe)}.
We see that the above matrix element in the neutrino part does not contain
the contribution from the V and T interactions in contrast to the Dirac case,
where both terms partake. In addition, the A and S contributions are multiplied
by factor 2. This arises from the fact that the Majorana neutrino is described
by the self-conjugate field. Absence of the index L for cV , cA couplings means
that both LCh and RCh νe’s may participate in the standard A interaction of
Majorana νe’s. In consequence, the new term with the interference between
cV and c
L
S couplings in the differential cross section appears. Such interference
vanishes in the Dirac case. All the couplings are assumed to be complex as for
the Dirac case. The others assumptions concerning the production of νe beam
and the detection of νe’s by the interaction with the unpolarized electron target
are the same as in the Dirac scenario.
3.1. Azimuthal distribution of recoil electrons in case of Majorana neutrinos
The azimuthal distribution of the recoil electrons for the scattering of Ma-
jorana νe’s on the unpolarized electrons with mν → 0 has the form:
d2σ
dyedφe
=
(
d2σ
dyedφe
)
(V−A)
++
(
d2σ
dyedφe
)
(SL,SR)
(15)
+
(
d2σ
dyedφe
)
(V SR)
+
(
d2σ
dyedφe
)
(V SL)
,
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(
d2σ
dyedφe
)
(V−A)
= B
{
|cV − cA|2(2 + (1− ηˆν · qˆ)(ye − 2)ye) (16)
+ |cV + cA|2(2 + (1 + ηˆν · qˆ)(ye − 2)ye)
− 2meye
Eν
(|cV |2 − |cA|2)
}
,(
d2σ
dyedφe
)
(SL,SR)
= B
{
2ye
(
ye + 2
me
Eν
)[
(1 + ηˆν · qˆ)|cRS |2 (17)
+ (1− ηˆν · qˆ)|cLS |2
]}
,(
d2σ
dyedφe
)
(V SR)
= B
{
8
√
ye(ye + 2
me
Eν
)
[
− η⊥
ν
· (pˆe × qˆ)Im(cV cR∗S )
+ (η⊥
ν
· pˆe)Re(cV cR∗S )
]}
, (18)(
d2σ
dyedφe
)
(V SL)
= B
{
8
√
ye(ye + 2
me
Eν
)
[
η
⊥
ν
· (pˆe × qˆ)Im(cV cL∗S ) (19)
+ (η⊥
ν
· pˆe)Re(cV cL∗S )
]}
.
The interference contribution can be written down as follows:
(
d2σ
dyedφe
)(V SR) + (
d2σ
dyedφe
)(V SL) = 8B|η⊥ν |
√
me
Eν
ye[2− (2 + me
Eν
)ye] (20)
·|cV |
{
|cRS |cos(φ− αV SR − φe) + |cLS |cos(φ+ αV SL − φe)
}
,
where αV SR ≡ αV − αRS , αV SL ≡ αV − αLS are the relative phases between the
cV , c
R
S and cV , c
L
S couplings, respectively. Now, we calculate the upper limits
on the azimuthal asymmetry between (0, pi) and (pi, 2pi) angles for the TRV and
TRC, using the same limits as for the Dirac case and Eν = 50MeV :
AM (φ
T−viol
e′ ) ≤ −0.062 cos(φ− φe′) for αV SR =
pi
2
, αV SL =
3pi
2
, (21)
AM (φ
T−cons
e′ ) ≤ 0.062 sin(φ− φe′ ) for αV SR = 0, αV SL = 0. (22)
We see that the possible effect of up-down azimuthal asymmetry for the Majo-
rana νe’s is larger than in the Dirac case. Moreover, there is a different depen-
dence on the angle φe′ in the case of the TRV and TRC, similarly as for the
Dirac neutrinos, so the precise measurement of maximal azimuthal asymmetry
would answer the question of whether the TRV takes place.
4. Conclusions
We have shown that there is the distinction between the Dirac and Majorana
ν’s in the limit of vanishing ν mass, when the incoming ν beam is the mixture
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of LCh and RCh states, and has the fixed direction of transversal component
of the (anty)neutrino spin polarization with respect to the production plane. If
the ν beam comes from the polarized source ( e. g. PMDaR), where the exotic
S, T interactions produce the ν’s with the right-handed chirality, while the V-A
interaction generates the LCh ν’s, the (anty)neutrino polarization vector may
acquire the transversal component (both T-even and T-odd), which is left in-
variant under Lorentz boost. Next, this left-right chiral mixture is scattered off
the unpolarized electrons in the presence of both standard and exotic interac-
tions. The precise measurement of the azimuthal asymmetry of recoil electrons,
generated by the interference terms between the standard and exotic couplings,
proportional to η⊥
ν
, would allow to distinguish between the Dirac and Majorana
ν’s, and test the TRV. For the Majorana ν’s, the upper limit on the expected
magnitude of up-down azimuthal asymmetry is larger than for the Dirac case.
According to the SM, the angular distribution of recoil electrons should be az-
imuthally symmetric in the massless ν limit, and then there is no difference
between the Dirac and Majorana ν’s. The basic difference between the both
cases follows from the absence of interference terms between the standard and
exotic tensor interactions in the differential cross section for the Majorana ν’s.
The additional distinction arises from the occurrence of interference between the
standard and S couplings of the LCh Majorana ν’s. This type of interference
annihilates for the Dirac ν’s.
It is also important to note that the eventual effects connected with the neutrino
mass and mixing for the tests with a near detector are inessential, see e.g. [19].
It is relevant to stress that the azimuthal asymmetry measurements require
the very intense polarized (anti)neutrino sources and large unpolarized (polar-
ized) target of electrons (or nucleons), and also long duration of experiment.
To make the above tests feasible, the low-threshold, real-time detectors should
measure both the polar angle and azimuthal angle of outgoing electron momen-
tum with a high resolution. It is necessary to point out that there is a real
interest in the development of low-threshold technology in the context of dark
matter searches and the study of neutrino interactions. The silicon cryogenic
detectors, the high purity germanium detectors [20], the semiconductor detec-
tors [21] and the bolometers [22] are worth mentioning. The two experiments
aiming at the measurement of recoil electron scattering angle and of azimuthal
angle, i. e. Hellaz [23] and Heron [24], have also been proposed. Recently,
the interesting proposal for particle detection based on the infrared quantum
counter concept has emerged [25]. Our studies are reported in hope that it may
encourage the neutrino collaborations (e.g. KARMEN, PSI, TRIUMF, BooNE,
Borexino, Super-Kamiokande) working with the polarized muon decay, other
artificial polarized ν sources and neutrino beams to realize the measurements
of the azimuthal asymmetry of recoil electrons. It seems to be a real challenge,
but new tests using the neutrino polarimeters could shed much more light on
the ν nature, detect the existence of the exotic couplings of interacting RCh ν’s
and the non-standard phases of TRV than the present measurements based on
the electron (positron) observables and energy spectrum of ν’s. Finally, it is
worthy of pointing out the fact that in the massless ν limit, there are physical
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and in principle observable effects, coming from the mixture between the LCh
and RCh ν states (left- and right-handed helicity components) in the spin 1/2
quantum state, when the exotic S, T interactions coupling these two types of
states exist in the weak processes of ν production and detection.
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